In primary total hip replacement (THR), the most commonly used approaches have been investigated and discussed extensively.
Intact abductors of the hip play a crucial role in preventing limping and are known to be damaged through the direct lateral approach. The extent of trauma to the abductors after revision total hip replacement (THR) is unknown. The aim of this prospective study was to compare the pre-and post-operative status of the gluteus medius muscle after revision THR. We prospectively compared changes in the muscle and limping in 30 patients who were awaiting aseptic revision THR and 15 patients undergoing primary THR. The direct lateral approach as described by Hardinge In primary total hip replacement (THR), the most commonly used approaches have been investigated and discussed extensively. 1, 2 Little attention has, however, been given to the approach used in revision procedures. In some patients, an extended exposure may be unavoidable in order to remove well-fixed components. 3 One of the options is the modified direct lateral approach as described by Hardinge, 4 which requires a portion of the gluteus medius muscle to be detached. Deficiencies of the abductors of the hip represent an unsolved problem after revision THR. 5, 6 Nerve injury, rupture or destruction of the abductors can cause limping and predispose to dislocation. [7] [8] [9] [10] The muscle trauma caused when using the direct lateral approach in revision THR is unknown, and therefore it is uncertain whether this is an appropriate surgical approach for these patients. Whiteside 5 recently described a surgical technique which may be used to reconstruct the abductors of the hip after THR by the transfer of the gluteus maximus muscle. Options of treatment such as the transfer of the vastus lateralis represent salvage procedures in the presence of excessive soft-tissue trauma. 11 However, these procedures do not always restore adequate function. 5, 8, [12] [13] [14] [15] [16] [17] [18] MRI has been used to evaluate the extent of the muscle damage sustained in primary THR. 19 The muscle damage caused by revision THR has not yet been evaluated.
The purpose of this prospective case-control study was to determine the extent of trauma to the abductors of the hip before and after revision THR performed via the direct lateral approach and to compare it with primary total hip arthroplasty. Our secondary goal included evaluating the clinical outcomes using the Harris hip score (HHS) 20 and the presence of the Trendelenburg 21 sign. 78) . In all patients, pelvic radiographs and an MRI scan were performed preoperatively and six months post-operatively. Clinical status was assessed pre-and post-operatively using the HHS and the appearance of a Trendelenburg sign. 21 The study had ethical approval and all patients gave informed consent.
Patients and Methods

In
Infection was excluded pre-operatively by ensuring that there was no elevation of inflammatory markers and that a synovial fluid aspiration was sterile on culture. The indications for revision were aseptic acetabular loosening in 16 patients, aseptic femoral loosening in nine and loosening of both components in three; the remaining two patients were revised for adverse reactions to metal debris. An isolated revision of the acetabular component was performed in 16 patients and an isolated revision of the femoral component in six. A revision of both components was performed in the other eight patients. On the acetabular side, 19 porous structured acetabular components (Trabecular Metal; Zimmer Orthopedics, Warsaw, Indiana), four reinforcement rings (Burch-Schneider cages, Zimmer) and one elliptical uncemented acetabular component (Bofor, Smith & Nephew, London, United Kingdom) were used. On the femoral side, eight uncemented components (SL-Plus-R, Smith & Nephew), four uncemented modular tapered components (Revitan, Zimmer Orthopedics) and two cemented components (Lubinus SP II, Link, Hamburg, Germany) were used. In 15 patients undergoing revision THR there had been no previous revision procedure; the remainder had all undergone more than one previous revision. In the control group, an uncemented THR was performed (Allofit acetabular component, Zimmer; SL-Plus stem, Smith & Nephew). All primary and revision THRs were performed through a direct lateral approach with the patient supine. The incision is centred over the greater trochanter; the gluteal fascia and iliotibial band are exposed and divided and the tensor fascia lata is retracted anteriorly. Distally, a sleeve of vastus lateralis and gluteus medius is elevated, after which the anterior half of the gluteus medius muscle is retracted forward with the capsule.
At the end of the procedure, having sutured the capsule, the tendinous portion of the vastus lateralis and gluteus medius muscle is reattached to bone using non-absorbable trans-osseous sutures. All operations were performed by an experienced unblinded senior surgeon (CP). Magnetic resonance imaging. MRI scans were performed in the supine position using a 1.5-T scanner with a standard surface coil (Symphony, Siemens Medical Systems, Erlangen, Germany). For axial T 1 turbo spin echo (TSE) scans, the following pulse sequence parameters were used: repetition time (TR)/echo time (TE)/flip angle (FA) = 667 ms/2 ms/150°, slice thickness = 6 mm, field of view (FOV) = 420 × 275.52 mm Image evaluation. The analysis of fatty degeneration of muscle was performed using the modified technique described by Engelken et al. 19 In brief, the superior-most slice of the greater trochanter was defined as the baseline. Six slices proximal to the baseline were withdrawn and the next three consecutive slices were chosen for evaluation. A region of interest (ROI) was applied in the surrounding subcutaneous fatty tissue to define the mean value of the signal intensity of fat. For further analysis fat was defined by taking the mean values of the intensity of fat and adding two standard deviations. 19 Then, an ROI was applied to the ipsilateral iliac muscle to define the mean value of the intensity of muscle. For further analysis, muscle was defined by taking the mean values of the intensity of muscle and adding two standard deviations. The gluteus medius was segmented into anterior, central and posterior sections. 19 In each section, both the number of muscle-and the number of fat-value-pixels were evaluated. The percentage of fat content was calculated from the quotient of the number of fat-value-pixels and the number of fat-value-pixels added to the number of muscle-valuepixels. The images were analysed by three investigators (FW, GW, GD). The mean of the values of each investigator were used for final analysis.
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Statistical analysis. Data are presented as means and ranges. Statistical analysis used Graphpad Prism (version 5.0a, La Jolla, California). The Mann-Whitney U test was used for independent, non-parametrically distributed samples. Intra-individual comparisons were evaluated using Wilcoxon's test for dependent, non-parametrically distributed samples, and significance was set at p = 0.05.
Results
In both primary and revision THR groups there was a statistically significant improvement over the pre-operative situation at six months (Table I ). The Trendelenburg sign was significantly more frequent after revision THR at six months post-operatively (p = 0.03, Mann-Whitney U test) (Table II) .
The mean overall fatty degeneration of the gluteus medius muscle following primary THR increased from 3.6% (0.2 to 8.3) pre-operatively to 11.5 (1.3 to 58.4) postoperatively (p = 0.001). It increased following revision THR from 29.1% (0.7 to 98.9) pre-operatively to 36.6% (1.2 to 99.1) post-operatively (Wilcoxon's test, p = 0.009). The anterior and central portions both showed significant increases in fatty degeneration post-operatively, whereas no significant change was found in the posterior portion in both groups (Table III) .
Stratification: more than two revision THRs versus fewer than two revision THRs. In the group with < two revision THRs (n = 15), the mean overall fatty degeneration increased from 20.5% (1.6 to 64.1) pre-operatively to 29.1% (2.1 to 81.8) post-operatively (Wilcoxon's test, p = 0.006). The changes within the specified portions of the gluteus medius reflected the changes seen for the unstratified analysis (Table IV) .
In the group with > two revision THRs (n = 15), the mean overall fatty degeneration increased from 35.8% (1.1 to 98.8) pre-operatively to 41% (1.5 to 99.8) post-operatively (Wilcoxon's test, p = 0.03). As expected, the same pattern of change was revealed in the individual portions of gluteus medius, but to a greater extent (Table IV) . The comparison of overall fatty degeneration between the group with only one previous revision THR and those > twice previously showed no significant statistical difference (p = 0.28, Mann-Whitney U test). The extent of damage between the two groups was significantly different in the anterior portion of the muscle (p = 0.01, Mann-Whitney U test). No significant difference was shown for the central portion (< two revisions vs > two revisions; p = 0.25, Mann-Whitney U test) and the posterior portion (< two revisions vs > two revisions; p = 0.34, Mann-Whitney U test). In the revision cases no relationship was found between the number with a Trendelenburg sign and the amount of fatty degeneration in the gluteus medius (p = 0.26, Pearson chi-square test).
Discussion
The direct lateral approach provides excellent exposure and is suitable for use in revision THR. 22 This study shows that muscle trauma has been underestimated, as has the functional status of the abductors of the hip with recurrent operations (Fig. 1) . After > two revision THRs, a mean of almost 70% of the anterior and 40% of the central portion of the gluteus medius muscle undergoes fatty degeneration, contributing to a significantly increased incidence of a Trendelenburg gait.
Intra-operative damage due to dissection or retraction of the abductors leads to a reduction in the power of abduction and extension, limping, pain and potential instability of the hip. 23 Our data support the idea that trauma to the abductors caused by primary THR can be tolerated. The significant increase in the appearance of the Trendelenburg sign after revision, however, indicates an inability to compensate for the local trauma to muscle. Previous studies have demonstrated substantial damage to the abductors after primary THR after undertaking a direct lateral approach 24 and even when using a minimally invasive approach. 25, 26 Our data show that fatty degeneration is three times higher following primary THR than preoperatively. However, the fatty degeneration of 12% found in this study seemed not to cause limping. Engelken et al 19 found fatty degeneration involving a mean of 11% of the gluteus medius muscle after primary THR using the same method of assessment as we used in our study. Owing to the similarity of the values, one can assume that the measurement of fatty degeneration after revision THR is accurate.
The gluteus medius muscle of patients undergoing their first revision THR showed 21% fatty degeneration preoperatively. The reason for the increase in mean degeneration from 12% after primary THR to 21% before the first revision is uncertain, but might be due to pain-related under use of the abductors in the failing THR prior to its revision. However, the increased fatty degeneration might be a cause rather than a result of failure in THR owing to a loss of abduction leading to instability of the hip. 23 The biomechanics of the hip are disturbed when the periarticular muscles are inadequate, causing an increase in shearing force which can lead to increased wear and aseptic loosening of the components. 27 The mean overall damage to the gluteus medius after revision THR was 37%. Using the direct lateral approach, the traumatised area is thought to be predominately in the anterior and central portions of the muscle. 19, 28 The anterior portion was the most severely damaged after the first revision (34%) and after multiple revisions (67%). The same pattern could be observed for the central portion. The posterior portion was not significantly affected, even after multiple revision THRs (p = 0.33). These results are in line with those of Pfirrmann et al, 29 who showed that the posterior portion of the gluteus medius was not affected T1-weighted MRI scans of the right hip joint a) after primary total hip replacement (THR). The gluteus medius muscle (white arrows) shows more pronounced fatty degeneration in its anterior portion; b) after the first revision, showing more extensive fatty degeneration and c) after multiple revision THRs, with almost complete degeneration of the gluteus medius. after THR via a direct lateral approach. The extent of damage between those undergoing the first revision THR and those with more than one revision was significantly higher in the anterior portion of the muscle. Patients lose > 40% of their gluteus medius substance after multiple revisions. Moreover, the Trendelenburg sign was present significantly more frequently in the revision THR group (p = 0.03). However, no association could be found between the extent of muscle trauma and the appearance of the Trendelenburg sign (p = 0.26). In this study, the mean HHS increased significantly in the group undergoing primary and revision THR (p < 0.001 and p = 0.01, respectively). The mean post-operative HHS after primary THR (85) 30, 31 and that after revision THR (69) are both comparable with those in the literature. [32] [33] [34] There are limitations to this study. First, the values of fatty degeneration showed wide ranges. This may be due to the heterogeneous ages, sizes and activity levels of the patients. However, our results are consistent with those in the literature. 19 Second, owing to the small sample size and the heterogeneous nature of the revision group (e.g., number of previous operations, implants used) the dataset does not allow us to predict the onset of limping related to the extent of muscle damage. Therefore, a threshold of muscle damage leading to limping could not be defined. Third, our results were limited to the use of the direct lateral approach as described by Hardinge. 4 The literature provides a large number of direct lateral approaches which may cause different patterns of muscle trauma. 2 In conclusion, we found that muscle trauma occurs with the direct lateral approach, particularly after multiple revision THRs. It would be interesting to know whether similar changes occur to the abductor muscles following other surgical approaches to the hip.
